The structure of the solid-liquid interface often defines function and performance of materials in applications. To study the interface at the atomic scale, we extended an ultrahigh vacuum (UHV) surfacescience chamber with an apparatus that allows to bring a sample in contact with ultrapure liquid water without exposure to air. In this process, a sample, typically a single crystal prepared and characterized in UHV, is transferred into a separate, small chamber. This chamber already contains a volume of ultrapure water ice, whose vapor pressure is reduced to UHV range by cooling it to cryogenic temperatures. Upon warming, the ice melts and forms a liquid droplet, which is deposited on the sample. First experiments carried out on rutile TiO 2 (110) single crystals using this apparatus exhibit unprecedented purity, as tested by X-ray photoelectron spectroscopy (XPS) and scanning tunneling microscopy (STM). These results enabled to separate the effect of pure water from the effect of low-level impurities present in the air. Other possible uses of the setup are discussed.
Introduction
The interaction of water with solid surfaces is the object of interest to a wide variety of scientific fields ranging from meteorology and geochemistry to heterogeneous catalysis, electrochemistry, and solar energy conversion 1 . In many industrial processes, solid surfaces are immersed in aqueous solutions. In an ambient environment, surfaces are covered with a few-monolayer-thick water film formed by condensation from humid air 2 . Whether intentional or not, in practice most surfaces are covered with water.
Although the interaction of water with various classes of materials was studied extensively in the past 1, [3] [4] [5] , for practical reasons, the vast majority of the research on well-defined surfaces was conducted under UHV conditions. Water does not exist as a liquid in UHV without a background pressure of H 2 O vapor. Liquid water placed in a vacuum would evaporate instantly, and larger volumes would freeze as a result of sudden heat loss. In contrast, conventional particle (atom, ion or electron)-based surface-science techniques are restricted to UHV due to the short mean free path in a gas environment. This limitation was overcome in 2 specialized instruments by differential pumping of the analyzer lens system 6 or by using a micrometer-sized liquid jet 7 containing nanoparticles of the material under investigation, e.g., TiO 2 8 . Another challenge associated with high pressures is that even low fractions of readily adsorbing impurities become significant within a short time of exposure.
Reports in the literature show examples where the behavior of water on surfaces cannot be extrapolated from UHV to realistic conditions. Kendelewicz . At lower pressures, the hydroxylation was observed only at the defects. In our previous work, we identified a restructuring of TiO 2 (011) surface upon exposure to liquid water 10 , while low-pressure gas-phase H 2 O dosed into a UHV chamber did not alter the surface structure 11, 12 .
Here, we present an apparatus designed for dosing ultrapure liquid H 2 O on well-defined surfaces of single crystals prepared and characterized in UHV. Similar efforts were made by electrochemical surface scientists, who combined UHV chambers with electrochemical cells to complement electrochemical experiments with ex-situ spectroscopic and imaging techniques as well as reliable sample preparation in UHV. Direct transfer from the electrochemical cell to the UHV during or after an electrochemical experiment enabled to acquire snapshots of the actual surface, commonly referred to as emersion experiments 13 . The samples, prepared and characterized in UHV were transferred into a separate compartment and sealed off by pressing the manipulator against a sealing surface 14 or passing the manipulator through differentially pumped O-rings 15, 16 . In systems with exchangeable samples, they could be handed over to another manipulator and the compartment separated from the UHV by a valve. After venting (typically with inert gas) the sample was either transferred through another valve to an external electrochemical cell or the cell itself was inserted into the vented compartment. A frequently used geometry for electrochemical measurements is a hanging meniscus configuration [17] [18] [19] [20] , where the sample is facing down, and contact with the electrolyte is established only on the one face of the crystal. Other designs work with a flow of the electrolyte across the sample 21, 22 .
While there are many variants of electrochemical cells (comprehensive reviews are provided in refs. 13, 23 ), the transfer systems are similar and typically constitute a compartment backfilled to an atmospheric pressure of an inert gas before the sample is engaged with an external cell.
In our system, the sample neither leaves the UHV environment nor is it exposed to a venting gas. 
Experimental setup
Experiments with liquid water were performed in a custom-built side chamber attached via separately pumped transfer chamber (base pressure 1 × 10 −9 mbar) to an existing UHV system (base pressure 1 × 10 −10 mbar). All three chambers were separated by gate valves (see Fig. 1a for a schematic of the UHV system).
a. Integration within existing UHV-system
In experiments, the sample is typically prepared in the main chamber (based on an Omicron Compact Lab UHV system) by cycles of sputtering and annealing and can be characterized by various techniques: STM, XPS, low-energy ion scattering (LEIS) and low-energy electron diffraction (LEED). Afterward, the sample is transferred into the small hexagonal chamber (within the red, dashed rectangle in 
b. Chamber for dosing liquid H2O
A hexagonal shape of the water drop chamber (Fig. 2 ) was chosen so one could mount the chamber directly onto a gate valve (DN40CF, VAT) of the transfer chamber without a connecting part. This geometry reduces the internal volume and surface area and allows to accommodate up to six DN16CF radial ports. The top, recessed port was used for the so-called cold finger, described in the next section. The two ports at the bottom were used as an inlet for H 2 O vapor and outlet to the cryo-sorption pump, respectively. While the inlet H 2 O vapor is guided by a tilted hole to obtain an almost direct line of sight to the cold finger, the pumping hole intersects with the volume of the gate valve to achieve better conductance (flow indicated on respectively, and can be reduced to 18 cm 3 and 57 cm 2 by omitting the two additional ports at the top sides.
These numbers do not include the DN40CF gate valve and refer to the chamber with all ports covered by blank flanges excluding the area of blanks. If other parts were mounted to the chamber, this would increase the total surface area and alter the volume. 
c. Cold finger
The cold finger is a small flow cryostat mounted to the top port of the hexagonal chamber. Its primary function is to create a localized cold spot. When water vapor is introduced into the chamber, it freezes on the cold tip while condensation on other surfaces is avoided. The ice at the tip has to be cooled below 130 K to maintain water vapor pressure below 1×10 -10 mbar, which is desirable for sample transfer between UHV and the water drop chamber.
Individual parts of the cold finger assembly as referred to in the further text are labeled in Fig. 3 . The coolant (here LN 2 ) is guided by a stainless steel capillary (inner diameter 0.5 mm) from the inlet at the top all the way down to the tip. At the tip, LN 2 enters a copper heat exchanger pressed onto the inner surface of the tip.
N 2 expands and returns through a concentric exhaust tube. A particle filter, located at the inlet, prevents (ice) particles from entering the capillary. Circulation of LN 2 is achieved by pumping the exhaust with a roughing pump and by the hydrostatic pressure of an LN 2 reservoir on top of the inlet. In order to localize the cold spot at the tip of the cold finger, the wider part above the tip is counter-heated (typically to 40°C)
by pressing a resistively heated copper tube to the inner stainless steel surface. Heat transfer by conduction between cold and warm areas is minimized by separating them by a thin-wall (0.3 mm) stainless steel tube.
To avoid heat transfer by convection, the inner volume of the cold finger is evacuated with a roughing pump.
This enables the tip of the cold finger to be locally cooled to cryogenic temperatures while the upper parts 6 are kept above room temperature. The temperatures of both, the cold and warm parts, are measured with Ktype thermocouples mounted on the inner surfaces (thermocouples A, B in Fig. 3b ). Good thermal contact and a rough vacuum seal between the N 2 and the insulation vacuum on the cold side are achieved by pressing the copper parts against the stainless steel surfaces. Defined forces are provided by compression springs. At the top side, the exhaust LN 2 is isolated from the rough vacuum by Viton O-rings placed in precisionmachined grooves. All parts that reach into the UHV were machined out of stainless steel (SAE 304), while the inner parts were made of stainless steel and copper. Before the final assembly, the outer surface of the tip of the cold finger (reaching into UHV) was boiled and sonicated in pure H 2 O as the last step before mounting it to the hexagonal chamber. 
Experimental procedure
Ultrapure H 2 O (MilliQ, Millipore, 18.2 MΩ cm, ≤3 ppb total organic carbon) was used as a water supply.
It was placed into a glass vial (see H 2 O reservoir in Fig. 1b) 3c ). The thickness of the ice film, i.e., the volume of the droplet, was determined by the time the valve was opened and by the vapor pressure of the water in the reservoir, which, in turn, was controlled by adjusting its temperature. In practice, the temperature of the bath was stabilized slightly above 0°C to avoid condensation on the drop chamber walls and to allow for controlled growth of icicles.
While the icicle was kept at a cryogenic temperature, a sample was transferred from the main chamber of the UHV system, and placed into the drop chamber, directly under the tip of the cold finger. No pressure increase was observed during the transfer. The drop chamber was then closed off from the transfer chamber, and the cold finger was allowed to warm up by closing the inlet of the LN 2 supply. As the tip warmed up, the sample was exposed to the increasing pressure of water vapor evolving from the icicle. Eventually, the icicle melted, and a droplet of liquid water fell on the sample surface. Optionally, additional gas can be introduced to the chamber during this procedure. After appropriate exposure, the hexagonal chamber was pumped with an LN 2 -cooled sorption pump. We found that additional, efficient pumping could be achieved by cooling the tip of the cold finger, which is favorably located in the center of the hexagonal drop chamber, across from the sample. When an H 2 O droplet is pumped from the sample, high pumping speed is not always desirable. In response to a sudden pressure drop, the droplet freezes and the block of ice then slowly sublimes from the sample. A more time-efficient way of pumping is to limit the pumping speed in order to avoid freezing and pump the droplet from its liquid state. After evacuation, the sample was transferred to the UHV chamber for analysis.
Performance evaluation
The experimental setup described here was already used in our study of liquid water on a prototypical oxide surface TiO 2 (110) 24 . There, we clarified the origin of an ordered carboxylic-acid overlayer spontaneously formed on the surface by adsorption or organic acids present in the air. Such overlayers were previously reported by other groups [25] [26] [27] [28] after exposure of TiO 2 (110) surface to liquid water in the presence of air and incorrectly attributed to ordered interfacial H 2 O at the surface 25, 27 . Upon exposure to pure, liquid H 2 O using our system, the TiO 2 (110) surface retained its original (1×1) structure, and no such overlayer was observed.
In addition, XPS data of the C1s transition are shown here (Fig. 4) to demonstrate the performance of our system. Two procedures are compared. In the first experiment (green curve in Fig. 4 ), we put a liquid H 2 O droplet on a pre-cleaned TiO 2 (110) sample inside the transfer chamber after it was vented with high-purity Ar (purity 99.999%, Air Liquide, additionally purified with an inline sorption filter MC50-902 FV from SAES). Outward overpressure flow of argon was maintained during the experiment. Fresh ultrapure H 2 O (MilliQ) was deposited onto the sample using a pipet (Eppendorf). The transfer chamber was then evacuated with an LN 2 -cooled sorption pump (Ultek, Perkin Elmer) for ca 3 minutes before opening the transfer chamber to a turbomolecular pump running at full speed behind a gate valve. The experiment yielded 0.20 ML of carbon evenly distributed between adventitious C (284.3 eV) and carboxylate C (288.3 eV). In the second experiment (blue curve in Fig. 4 ) a liquid H 2 O droplet was deposited on a pre-cleaned sample using the apparatus described here. The latter procedure leads to a visibly cleaner result. After subtraction of the nominally clean UHV-prepared spectrum (black curve in Fig. 4 ), the remaining carbon coverage is 0.04 ML, almost entirely in the form of adventitious carbon. Moreover, adventitious C is not expected to be homogeneously spread on the surface but rather exists in the form of aggregates (see the STM image in ref. 24 ). All coverages are calibrated using a spectrum of saturation coverage (0. 
Potential other uses
The apparatus was designed to prioritize purity from versatility. It offers, however a number of other applications. The system could equally be used for clean dosing of other liquids whose vapor pressure is sufficiently low at LN 2 pressures. Alternatively, liquid He could be used as a cooling agent. Isotopically labeled liquids can be dosed, e.g., isotopically labeled H 2 18 O. In a conventional UHV chamber, the 16 O (from the oxide crystal lattice) and 18 O (from water) can be distinguished by low-energy ion scattering or by a mass spectrometer upon desorption. An easy modification would be adding more liquid reservoirs, for dosing different liquids. Apart from evaporable liquids, a solution of a solid substance could be prepared directly on a sample. A certain amount of salt would be transferred on the surface, and then diluted with a droplet of pure H 2 O. Provided that the sample is electrically insulated from the chamber and contacts for other electrodes are included, such a setup could work as a simple electrochemical cell in a droplet.
Viewports on the chamber provide good visual access to the sample surface. This makes it possible to measure contact angles of liquids wetting well-defined samples in a well-defined environment similar as in ref. 30 . If UV-grade viewports are used, this setup presents a controlled environment for UV-illumination of samples in contact with liquids and variety of gases. Focused UV-light (or using an aperture to crop the 10 beam) is preferred to illuminate the sample surface only and prevent potential UV-induced desorption from the chamber walls.
A similar setup could be used as a miniature cryostat to locally cool a sample or a part inside a UHV chamber, e.g., to avoid undesirable condensation of gases on other surfaces. Because the cold finger is mounted on DN16CF flange (1.33 in. outer diameter), it offers a compact alternative to commercially available cryostats. Furthermore, the condensation or ice growth of various well-defined substances can be studied in different temperature/pressure regimes and optionally in the background of a variety of gasses.
The shape and roughness of the cold surface where condensation occurs could be adapted for that purpose.
Conclusion
We have presented the design of apparatus for dosing ultrapure liquid H 2 O on samples prepared and characterized in UHV. In this closed system, samples are not transferred to an external cell at atmospheric pressure. Instead, a sample is transferred under UHV into a small side chamber and placed in below an icicle of ultrapure water ice, whose vapor pressure is decreased to UHV range by cooling it to cryogenic temperatures. Upon warming, the ice melts, and a liquid H 2 O drop is deposited onto the sample. The function of the setup was tested on a TiO 2 (110) surface, which proved to be a very sensitive probe to organic impurities. In our previous work, we identified that formic and acetic acids present in air readily adsorb on TiO 2 (110) surface 24 . These were not avoided even in high-purity argon under flow conditions as demonstrated by the peak at 288.3 eV (see the green curve in Fig. 4 ). Using the setup described here, we were able to avoid sample contamination by carboxylic acids, which have a very high affinity to the sample under investigation, and we could substantially reduce the overall level of carbonaceous impurities.
